Additional index words. Verticillium wilt, root-dip inoculation, rootstocks, olive germplasm bank Abstract. The resistance of 33 major olive cultivars to Verticillium dahliae was assessed in four experiments conducted under controlled conditions. Nine-month-old nursery olive plants were inoculated with a defoliating isolate (V117) of V. dahliae. Resistance was evaluated by assessing symptom severity using a 0-4 rating scale and estimating the area under disease progress curves with reference to the maximum value potentially reached over the assessment period (AUDPCP). The percentage of plants killed and that of plants that recovered from the disease were used as additional parameters for classifying the cultivars. Twenty-six of the 33 cultivars were found to be susceptible or extremely susceptible to the defoliating V. dahliae isolate. They exhibited values for AUDPCP higher than 45% with mortality higher than 37.5%. A second group of cultivars, which included ÔCipresinoÕ, ÔKoroneikiÕ, ÔOblongaÕ, and ÔSevillencaÕ, were classified as moderately resistant because they showed an important reduction of the final mean severity values and of values for AUDPCP that ranged from 23% to 42%. ÔChanglot RealÕ, ÔEmpeltreÕ, and ÔFrantoioÕ were resistant to the defoliating isolate of V. dahliae. The resistance of ÔEmpeltreÕ and ÔFrantoioÕ, although previously reported, was consistently confirmed, because the two cultivars exhibited no dead plants and had very low values for AUDPCP and final disease. This is the first report of resistance of ÔChanglot RealÕ to Verticillium wilt based on ability of the plants to recover from infection and the absence of dead plants. These three cultivars will be useful for inclusion in Verticillium wiltbreeding programs.
Spain is the leading world producer of olive oil and table olives. The most important olive-growing area of Spain is Andalucía where olive orchards cover more than 1.5 million ha of a total 2.4 millions ha in Spain (Barranco et al., 1996) . Verticillium wilt of olive, incited by Verticillium dahliae, is the most important disease in olive orchards in Spain, and it is very common in the irrigated zones around the Guadalquivir Valley as well as in intensive plantations throughout all of the Mediterranean basin (Al-Ahmad and Mosli, 1993; López-Escudero and BlancoLópez, 2001; Serrhini and Zeroual, 1995; Tjamos and Jiménez-Díaz, 1998 ). The main causes for an increase in this disease have been the establishment of new olive plantations during the last decades in soils previously cultivated with susceptible hosts of V. dahliae (cotton, vegetables, alfalfa, and so on), the use of infected plant material, the spread of highly virulent isolates (defoliating pathotypes) of the pathogen, and the inadequate disease management that has allowed fungus to spread within and between plantations. The inefficacy of chemical compounds to control infections makes it necessary to carry out an integrated control strategy based on the use of resistant cultivars (BlancoLópez and Jiménez-Diaz, 1995; Hiemstra and Harris, 1998) .
Efforts have focused on a resistance screening program started in 1994 and involving major Spanish and foreign cultivars from the olive world germplasm bank ) of IFAPA (CIFA ÔAlameda del ObispoÕ, Có rdoba, Spain). The initial results suggested that cultivars Empeltre, Frantoio, and Oblonga might be useful in a breeding program or as rootstocks for grafting (López-Escudero et al., 2004) .
Approximately 260 olive cultivars are grown in Spain, three of which (ÔPicualÕ and ÔHojiblancaÕ in Andalusia and ÔCornicabraÕ in the central region) account for half of the olive cultivated area. Unfortunately, these three cultivars are extremely susceptible to the defoliating pathotype of V. dahliae and susceptible (ÔPicualÕ and ÔHojiblancaÕ) or extremely susceptible (ÔCornicabraÕ) to the nondefoliating one (López-Escudero et al., 2004) . The wide variability of olive cultivars, most of which are local varieties selected by growers over hundreds of years, may provide an important genetic resource for resistance to Verticillium wilt. The purpose of this work was to continue to screen olive cultivars from the germplasm bank with a view to examining their response to the defoliating pathotype of V. dahliae. Resistance to this strain would also ensure resistance to other less virulent isolates, as previously shown by López-Escudero et al. (2004) .
Materials and Methods

Plant material and fungus isolate
Thirty-three olive cultivars were assessed for resistance to V. dahliae in four different experiments (I-IV) conducted under controlled conditions in a growth chamber using between 7 and 12 replicates per cultivar. The plant material consisted of 9-month-old rooted cuttings and was obtained from the World Olive Germplasm Bank of Centro de Investigación y Formación Agraria, ÔAla-meda del ObispoÕ (Córdoba, Spain). The cuttings were clones of each cultivar, coming from the same mother plant. Nineteen Spanish, three Greek, and four Italian cultivars, in addition to seven others from various olive growing countries, were studied (Table 1) .
Plants were inoculated with isolate V117 of V. dahliae, a highly virulent cotton defoliating strain (Blanco-López et al., 1989) from the collection of the Plant Pathology Laboratory of the Agronomy Department, University of Cordoba. Two olive cultivars, ÔPicualÕ (the major Spanish cultivar) and ÔOblongaÕ (from the United States), were used as references of known resistance in each experiment. ÔPicualÕ is highly susceptible to isolate V117, whereas ÔOblongaÕ is moderately resistant to it (Hartman et al., 1971; Ló pez-Escudero et al., 2004; Rodríguez-Jurado et al., 1993) . A similar number of noninoculated controls plants of each cultivar was included in each experiment.
Plant inoculation
The technique used to inoculate plants was based on Rodriguez-Jurado (1993) and validated in an extensive screening study on olive cultivars conducted by López-Escudero et al. (2004) . The inoculum consisted of a distilled and sterilized water suspension of 10 7 conidia/mL prepared from 6-d-old singlespore cultures of fungus isolate V117 that were maintained on potato dextrose agar (PDA) slants at 4°C. Plants were inoculated by dipping their bare root systems in the suspension for 30 minutes, transplanted to sterile soil (1:1:1 peat:sand:lime) in pots, and incubated in a growth chamber maintained at 22 ± 2°C and 95% RH. Plants were held in the dark for 3 d after inoculation to avoid shock and then light and humidity levels were adjusted to a photoperiod of 14 h (216 mEm-2 s -1 fluorescent light) and 80% RH.
Disease assessment
Disease severity was evaluated on a weekly basis for 10 weeks starting 2 weeks after inoculation. Wilt resistance was assessed on a scale from 0-4 based on the percentage of plant tissue that was affected by chlorosis, leaf and shoot necrosis, or defoliation (0 = healthy plant or plant without symptoms; 1 = plant affected by 1% to 33%; 2 = 34% to 66%; 3 = 67% to 99%; 4 = dead plant). The percentage of dead plants (PDP), recovery from the disease (Hiemstra and Harris, 1998; López-Escudero and BlancoLópez, 2001; López-Escudero et al., 2004; Wilhelm and Taylor, 1965) and other symptoms such as marginal spots of leaves and irregular growth of twigs were also considered in estimating the severity of the reactions. The area under the disease progress curve (Campbell and Madden, 1990) for each cultivar was estimated with reference to the maximum value potentially reached over the 10-week assessment period (AUDPCP) according to the following formula: AUDPCP = [(t/2*(S 2 + 2*S 3 + ... + 2S i-1 + S i )/4*n]*100 (t = interval in days between observations; S i = final mean severity; 4 = maximum disease rating; n = number of observations). Plant infection was confirmed by isolating the fungus from affected shoots or leaf petioles in affected plants during the experiments. Isolations from shoots and branches were also made from all dead plants at the end of the 4 experiments. Samples of affected tissue were washed in running tap water, the bark removed, and woody tissues surface disinfected in 0.5% sodium hypochlorite for 1 minute. Wood chips were placed on PDA plates and incubated at 24°C in the dark for 5 to 6 d.
Experimental design and data analysis
Plants were arranged according to a completely randomized block design. An analysis of variance (ANOVA) of the AUDPCP for the reference cultivars (ÔPicualÕ and ÔOblongaÕ) in each experiment was used to identify variability among experiments. In those experiments in which responses of ÔPicualÕ or ÔOblongaÕ were statistically different, the AUDPCP values for cultivars used in such experiments were corrected for the percentage of the difference between the AUDPCP values for the reference cultivars in both significant and nonsignificant experiments. Statistical analyses were performed using Statistix 8.0 program (Analytical Software, Tallahassee, Fla). Mean values were compared by Fisher protected LSD at P = 0.05.
Classification of cultivars according to resistance
The resistance of each olive cultivar to wilt was categorized according to the criteria of López-Escudero et al. (2004) . Thus, cultivars were classified into resistance categories corresponding to the following AUDPCP ranges: highly resistant (HR) = 0% to 10%; resistant (R) = 11% to 30%; moderately resistant (MS) = 31% to 50%; susceptible (S) = 51% to 70%; and extremely susceptible (E) = 71% to 100%. The final values for percentage dead plants (PDP) and the ability of plants to recover from infection, expressed in terms of the symptom remission during the test period (Hiemstra and Harris, 1998; López-Escudero and Blanco-López, 2001; López-Escudero and Blanco-López, 2005; Wilhelm and Taylor, 1965) , were also considered for the final classification of a given cultivar.
Results
Disease symptoms and virulence of isolates
The most common symptoms observed were chlorosis, wilt, defoliation, drying of buds and stems, rolling and necrosis of leaves, and the absence of or a delay in stem growth. Noninoculated control plants exhibited none of these symptoms; they efficiently produced new buds and twigs after 4 or 5 weeks of growing in the chamber and exhibited normal stem growth.
Generalized chlorosis was one of the most frequent symptoms in the inoculated cultivars; occasionally, however, these spots became necrotic tissues as observed in ÔNevadillo Blanco de JaénÕ. Some cultivars developed extensive chlorosis at the onset of leaf rolling and reproduced the syndrome of apoplexy (Blanco-López et al., 1984; López-Escudero and Blanco-López, 2001 ). Chlorosis was the most frequent symptom in plants that exhibited the highest resistance at the end of the experiment such as ÔChanglot RealÕ, ÔEmpeltreÕ, ÔFrantoioÕ, or ÔOblonga.Õ Defoliation was the most frequent and severe symptom in almost every cultivar. It started at low or moderate levels 3 to 4 weeks after inoculation and increased with time. In some cultivars, severe defoliation appeared abruptly 4 to 5 weeks after inoculations leaving main stems with only a couple of leaves at their tips. Such was the case with ÔArbequinaÕ, ÔCallosinaÕ, ÔManzanilla CacereñaÕ, ÔMoronaÕ, and ÔNabaliÕ. Progressive defoliation was observed on weeks 7 to 8 after inoculation, when the residual leaves, still attached to the twigs, started to roll and dry. Recovery from the disease, signaled by saturation or inflection points in the progress curves for symptom severity, was only observed in a few cultivars, namely ÔCipresinoÕ, ÔChanglot RealÕ, ÔEmpeltreÕ, ÔFrantoioÕ, and ÔKoroneikiÕ (Fig. 1) .
Disease progress and analysis of resistance
Analyses of variance of AUDPCP for the reference cultivar ÔPicualÕ revealed the absence of statistical differences between experiments except in the plants that were inoculated in experiment I. In this experiment, the AUDPCP reached 49.7% as compared with 65.1% (the same mean value of experiments II to IV that were statistically nonsignificant). On the other hand, the AUDPCPs for ÔOblongaÕ in experiments I and II were higher than the normal mean value observed when the cultivar was inoculated with isolate V117 in previous experiments (López-Escudero et al., 2004) . Therefore, the final mean severity in experiments I and II was higher than 3.75 in both experiments, and mortality was 100% and 87.5%, respectively. Techniques using RAPD molecular markers (Barranco et al., 2000) revealed that the ÔOblongaÕ plants used in experiments I and II were in fact a different cultivar. However, the amplification products (using primers OPA-19, OPC-11, OPD-05, OPX-01, and OPX-03) precluded the identification of the specific cultivar. This compelled us to exclude this reference cultivar from experiments I and II in comparing the responses of the other cultivars, so comparisons were based on the mean response of ÔOblongaÕ plants in experiments III and IV.
The V. dahliae defoliating isolate caused 70% to 100% mortality (PDP) in 20 of the 33 cultivars. These cultivars were classified as extremely susceptible to this highly virulent isolate (Table 2 ). All ÔAyvalikÕ, ÔCallosinaÕ, ÔCarrasqueñ o de LucenaÕ, ÔManzanilla CacereñaÕ, ÔMoronaÕ, and ÔNavaliÕ plants were killed. Mortality in these plants normally increased strongly 8 to 9 weeks after inoculation. ÔCipresinoÕ, ÔKoroneikiÕ, ÔOblongaÕ, and ÔSevillencaÕ exhibited between 12.5% and 37.5% mortality, with AUDPCP values lower than 42%, being catalogued as moderately susceptible cultivars. The former 2 cultivars showed also a good recovery level (Fig. 1) . On the other hand, ÔChanglot RealÕ, ÔEmpeltreÕ, and ÔFrantoioÕ were considered as resistant, because these cultivars exhibited no dead plants and very low AUDPCP and final mean severity (FMS) values (Tables 1 and 2 ).
Discussion
Our method proved effective for assessing cultivar resistance to Verticillium wilt. The response to the disease exhibited by the reference cultivars, ÔPicualÕ and ÔOblongaÕ, were effectively distinguished in terms of the mean AUDPCP and PDP values; also, they were consistent with previously reported values for infested fields (Martos-Moreno et al., 2001) . All cultivars exhibited a high frequency of positive isolations of the pathogen from affected plant tissues during the experiments; therefore, plants became infected irrespective of their resistance as previously found by Ló pez-Escudero et al. (2004) and Rodríguez-Jurado (1993) .
Twenty-six of the cultivars were classified as susceptible or extremely susceptible to the defoliating isolate of V. dahliae (Table 2) . Twenty of them, including the reference cultivar ÔPicualÕ, were extremely susceptible, exhibiting high levels of the evaluated disease parameters (Tables 1 and 2 ). ÔArbequinaÕ reached AUDPCP value of up to 47.3%, which is lower than the 72.2% reported by López-Escudero et al. (2004) . This difference may be the result of the use of a different cultivar clone. However, ÔArbequinaÕ was classified as extremely susceptible on the basis of its high final PDP value. The response of this cultivar to wilt, widely used in high-density orchards, seems to depend strongly on the inoculum potential of the pathogen and the genetic variability of the clones. Wilhelm (1981) and Wilhelm and Taylor (1965) obtained a clone called ÔAllegraÕ from cultivar ÔArbequinaÕ after several years of resistance assessment in artificial and field conditions. They characterized Fig. 1 . Disease progress based on symptom severity of olive cultivars inoculated with defoliating isolate V117 of Verticillium dahliae. Assessment of wilt symptom severity was made for 12 weeks beginning 2 weeks after inoculation and based on a scale of 0-4 according to percentage of plant tissue affected by necrosis of leaves and twigs, chlorosis, defoliation, or rolling of leaves (0 = healthy plant or plant with no symptoms; 1 = 1% to 33%; 2 = 34% to 66%; 3 = 67% to 99% and 4 = dead plant). Mean values for symptom severity for cultivars ÔPicualÕ and ÔOblongaÕ were from experiments II to IV and III and IV, respectively. López-Escudero et al. (2004) . This is because of the lower AUDPCP values reached by this cultivar in the current studies (14.7%) as compared with the previous studies (30.9%). This could be explained by the natural variability of the plant material or by the use of different clones. ÔEmpeltreÕ is the main olive cultivar in the Spanish communities of Aragón and Baleares, where it occupies approximately 70,000 ha. It is currently being planted in other areas where it is being used to renew whole zones or to replace plants killed by the wilt. On the other hand, this is the first reported evidence for resistance of ÔChanglot RealÕ to Verticillium wilt. This cultivar had an AUDPCP of 22% after 12 weeks of infection by the defoliating isolate V117. Although these results must be confirmed in additional tests under field conditions, this cultivar may be a good candidate for replanting, use as rootstock, or as a source of resistance in breeding programs. ÔChanglot RealÕ is used mainly in the provinces of Alicante and Valencia where it occupies 5000 ha. It is also grown in Andalucía and in some places in the provinces of Córdoba and Jaén. It adapts easily to unfavorable soil conditions, exhibits a medium blooming time, usually produces fruits in racemes, and features alternate bearing. It also is susceptible to frost injury, drought, and olive knot, but exhibits an early onset of production and high yields of quality olives.
ÔKoroneikiÕ (Greek) and ÔCipresinoÕ (Italian) were among cultivars from other countries that exhibited moderate levels of resistance to the defoliating isolate. The reaction of ÔKoroneikiÕ was classified as tolerant by Tjamos et al. (1985) , who inoculated plants by spraying the root system, probably using a nondefoliating isolate. However, the results obtained by Paplomatas and Elena (2001) , who injected conidial suspensions of a Greek cotton defoliating isolate into stems of 2-year-old olive plants, are consistent with our observation that cultivar ÔKoroneikiÕ is resistant to wilt. Similarly, Pennisi et al. (1993) deemed ÔCipresinoÕ moderately resistant, but they failed to state the specific pathotype of the pathogen that they used in their inoculations.
Wilt resistance of ÔFrantoioÕ and ÔOblongaÕ has widely been reported in previous works (Cirulli and Montemurro, 1976; Hartman et al., 1971; López-Escudero et al., 2004; Wilhelm and Taylor, 1965) . However, molecular analysis (Barranco et al., 2000) recently revealed that the 2 are identical. The results of López-Escudero et al. (2004) confirmed that cultivars ÔFrantoioÕ and ÔOblongaÕ were similar in terms of the values of the disease-related parameters, AUDPCP and PDP, reached by the plants when inoculated with defoliating and nondefoliating isolates of V. dahliae. However, the ÔFrantoioÕ cultivar clone used in this work had AUDPCP and PDP values of 7.3 and 0, respectively; whereas these values were 40.3 and 12.5, respectively, in the test done by López-Escudero et al. (2004) . Finally, in the current study, the ÔFrantoioÕ clone had higher resistance values (Table 1) than did the ÔOblongaÕ clone, which led us to include the former in the group of resistant cultivars (Table 2 ). This variability is surely a consequence of the variability between the two mother plants from which olive cuttings were obtained, which were previously labeled as ÔFrantoioÕ and ÔOblongaÕ, but actually were different clones of the same cultivar ÔFrantoioÕ (= ÔOblongaÕ).
